Lack of sleep is a problem in today's society, and many people are concerned about changes in their outward appearance due to lack of sleep. People generally come up with some noticeable skin attributes as symptoms of sleep deficiency including rough, dull, and dry skin as well as droopy eyelids and dark eye circles. Several previous reports also suggested that poor sleep could affect the skin condition. The purpose of this study was to evaluate the effect of one night of sleep deprivation on various skin biophysical properties. Twenty four healthy females participated in a study of one night of sleep deprivation. Subjects were kept awake for one night in a laboratory with controlled temperature and relative humidity. The skin condition of each subject was evaluated after normal sleep pattern and after one night of sleep deprivation. The measured skin biophysical parameters included transepidermal water loss, facial pore size, and skin tone, hydration, elasticity, desquamation, translucency, and blood flow. The cheek, eye, and lip areas were evaluated. After one night of sleep deprivation, multiple skin biophysical parameters showed changes when compared to the baseline measurements. A significant decrease in skin hydration and impaired barrier function were observed (p < 0.05). Decreased hydration led to decreased skin elasticity and translucency and increased skin scaling (p < 0.05). Facial pores were more conspicuous, and skin lightness decreased significantly (p < 0.05). Furthermore, skin blood flow decreased prominently (p < 0.05). The results demonstrated that the skin features that are recognized as symptoms of sleep deficiency actually showed remarkable differences after a period of sleep deprivation, and some of these features were confirmed in the eye, lip, as well as the cheek areas. This study revealed a significant association between sleep deprivation and skin biophysical properties by scientific measuring.
Introduction
Sleep is vital to human physiological, cognitive, and behavioral functions [1] [2]
[3] [4] , as well as long term health [4] [5] . It is a recurrent state of bodily rest and reduced consciousness that serves multiple functions, which is associated to the circadian system [6] [7] . Lack of sleep is a major issue in society today, causing many people to suffer from health problems related to sleep deprivation [5] [8] .
Furthermore, many people are concerned about changes in their outward appearance due to lack of sleep [9] .
The skin is the largest organ in the human body and plays a crucial role in maintaining homeostasis. Several reports suggest that poor sleep alters the skin condition. One study [10] found the scientific clues of the common expression "beauty sleep", investigating a correlation between an individual's state of sleep and their attractiveness. Sleep deprived people were rated as less healthy and less attractive than after a normal sleep condition by visual scoring. Another study of visual assessment reported that the eyes of sleep deprived individuals were perceived as redder, more swollen, having darker circles under the eyes, and the skin as paler, having more wrinkles and fine lines after 31 hours of sleep deprivation [9] . These facial regions, which are affected by sleep deprivation, are important for social communication between people [9] [11] . Therefore, it is unsurprising that people come up with some noticeable skin attributes as symptoms of sleep deficiency. Such attributes include rough, dull, and dry skin as well as droopy eyelids and dark eye circles [9] . These skin attributes that people associate with sleep deficiency are not merely limited to the cognitive characteristics.
Studies examining the effects of acute or chronic sleep deprivation on skin physiology report that individual's state of sleep can affect the health and physiology of skin, as well as their attractiveness. Studies reporting skin measurement results have shown that sleep deprivation can exacerbate several skin disorders [12] - [19] . Sleep deprivation increases activation of the sympathetic nervous system and activates the hypothalamic-pituitary-adrenal axis, leading to increased glucocorticoid secretion [14] [15] [20] . Increased production of glucocorticoids, which may affect the integrity of the lamellar bodies, impairs the integrity of the skin barrier [12] [16] [17] [18] [21] . Furthermore, a study in humans has revealed that 42 hours of acute sleep deprivation led to increased production of inflammatory cytokines including plasma interleukin-1β and tumor necrosis factor-α, increased natural killer cell activity, and decreased skin barrier function recovery [18] . Deregulation of the immune system also impairs the integrity of collagen fibers [12] [18] [22] . These alterations might be related to various skin physiological properties, and it gives us clues that measuring the changed skin biophysical properties caused by sleep deprivation would be meaningful. Heretofore, scientific measuring of various skin attributes which might be regarded as the symptoms of sleep deficiency have rarely been conducted. This study was designed to assess the effects one night of sleep deprivation has on skin biophysical properties including transepidermal water loss (TEWL), facial pore size, and skin tone, hydration, elasticity, desquamation, translucency, and blood flow.
Methods
This study was approved by the Institutional Review Board and all subjects provided written, informed consent prior to participation in the studies.
Twenty-four healthy Korean women aged 25 -35 years (28.3 ± 2.9) participated in our study, which was conducted in October 2014 in the research center located in Seongnam, Korea. Subjects who were considered as having a normal sleep pattern according to diurnal type scale were included, and subjects who suffered from sleep disorders were excluded. To minimize the effects gender might have on skin biophysical properties after sleep deprivation [9] [23], only women were recruited for this study. We designed one group pretest-posttest comparing the effects of sleep deprivation [9] [10] [18] [24] . A night of normal sleep occurred in the subjects' own homes and sleep time was confirmed by sending messages to the research assistant. At least eight hours of sleep was required for a normal sleep as a habitual sleep pattern of each subject. The day after a normal sleep, the subjects visited a laboratory for baseline measurements and then they were allowed to leave the laboratory for their daily routines. Sleep during the daytime was not allowed and they had to return before dinner time.
For a night of sleep deprivation, subjects were monitored and kept awake for one night (totally 24 hours of wakefulness) in a laboratory setting with controlled temperature (24˚C ± 2˚C) and relative humidity (40% ± 2%). The subjects were prohibited from exercise, caffeine, alcohol, and smoking 24 hours before and during the study, and their food intake during the sleep deprivation was standardized identically [18] . The skin condition of each subject was evaluated after normal sleep (baseline) and after sleep deprivation (24 hours of wakefulness).
Measurements were conducted at the same time of each day in the morning, following the completion of facial cleansing and acclimation to the room condition. The skin of cheek, around eye, and lip areas were evaluated selectively for each parameter. Table 1 lists the parameters we evaluated and the equipment used to measure them, and they were measured in the order listed below. 
Skin Evaluation
Skin Germany) was used to measure the viscoelasticity of the cheek and the area around the eye. A probe with a 2 mm diameter and 450 mbar negative pressure were used for the measurement. The ratio of elastic recovery to the total deformation in the skin (R7 parameter, Ur/Uf), which represents the biological elasticity of the skin [25] was analyzed.
Skin desquamation: Dead skin cells were collected from the cheek with keratin stickers and then photographed using an i-Scope microscope (Moritex, Japan).
Skin desquamation was quantified using an image analysis software (Image Pro Plus, USA). 
Statistical Analysis
SPSS Statistics 21.0 (SPSS Inc., USA) was used for our statistical analysis. The
Wilcoxon signed-rank (non-parametric) and paired (parametric) t-tests were used to compare the differences of skin parameters after sleep deprivation. p value smaller than 0.05 was considered to be statistically significant.
Results
The results of the skin evaluations are presented in Table 2 and Figures 1-4 . Probability p (*p < 0.05, **p < 0.01, ***p < 0.001).
There were statistically significant changes in multiple skin parameters after one night of sleep deprivation.
Skin hydration and skin barrier function: We found a significant decrease in the hydration of the cheek and lip skin. In particular, the decreasing rate of lip hydration was of greater magnitude. TEWL, which represents the integrity of the skin barrier, was significantly increased in the cheek and around the eye areas indicating that the barrier function was impaired (Table 2, Figure 1 
Discussion
We have verified that sleep deprivation affects various skin properties including TEWL, facial pore size, and skin tone, hydration, elasticity, desquamation, translucency, and blood flow. Multiple negative effects of sleep deprivation on the immune system, metabolism, and the skin have been reported [12] - [22] [24]
[26] [27] .
We confirmed that sleep deprivation leads to impaired skin barrier function as evidenced by increased TEWL even as skin hydration decreased. These findings are consistent with those of a previous study that showed a decreased skin barrier function after 42 hours of sleep deprivation [18] . Authors suggested that increased levels of plasma interleukin-1β and tumor necrosis factor-α resulting from stress may lead to impairment of the skin barrier function although the underlying mechanism for this increase in circulating cytokines was unclear. Similarly, Kahan et al. hypothesized that lack of sleep might impair skin integrity.
They proposed that sleep deprivation causes increased glucocorticoid production, which contributes to the altered integrity of lamellar bodies, thus impairing skin integrity [12] . Deregulated immune system after sleep deprivation was also believed to affect the integrity of collagen fibers [12] [18] [22] , which are the major constituent of the dermis responsible for skin elasticity. This altered integrity of collagen fibers is inadequate for explaining the decreased skin elasticity found in our study considering that the period of sleep deprivation was a shortterm and temporary. Instead, this change could be correlated with decreased skin hydration, as dry skin leads to a less soft and more rigid skin surface. Previous studies reported that epidermal hydration influences skin mechanical properties [28] [29] [30] . Dobrev observed a significant increase in delayed distension (Uv) and the viscoelastic-to-elastic ratio (Uv/Ue) as well as the net elasticity (Ur/Ue) and the ratio of elastic recovery to the total deformation (Ur/Uf) after epidermal hydration by moisturizers [30] . Therefore, the Cutometer® may underestimate skin elasticity in the presence of less hydrated skin because its measurement is based on a suction method. It would be worthwhile to study chronically sleep-deprived people to investigate the underlying mechanisms of altered skin elasticity.
The markedly increased skin scaling present after sleep deprivation also seems to be caused by decreased skin hydration. Skin desquamation increases as skin hydration decreases [31] [32] [33] . Cheek skin translucency was also decreased after the period of sleep deprivation. Measurement of skin translucency is based on the absorption and scattering of light. The translucency meter used in this study measures only internally scattered light, not light reflected from the surface. A previous study showed that skin translucency is influenced by skin hydration [34] . They proved that when the skin is moisturized, light shows less scattering within the stratum corneum and greater penetration into the deeper skin layers. Therefore, it could be that decreased hydration after sleep deprivation might contribute to decrease internal light scattering resulting in the decreased skin translucency we found. Another study reported that the dermal matrix, including organizations of fibers, affects the subsurface reflectance in the skin [35] . Based on this result, the dermal density of chronically sleep deprived people could be studied in the future to determine the correlation between skin translucency and the altered integrity of collagen fibers resulting from prolonged sleep deprivation.
Our analysis of facial photographs revealed that the pixels representing skin pores of the cheek were increased significantly. This could mean the facial pores were more conspicuous, rather than indicating an increased number of pores.
Our hypothesis is that the substantially increased skin scaling resulting from sleep deprivation led to a coarse skin texture causing the skin pores to appear enlarged.
Skin tone changes are widely perceived as a symptom of sleep deficiency. In our study the lightness of cheek skin was decreased significantly whereas there was no significant change in the lightness of the lip. Dark circles under the eyes are a primary feature indicating fatigue and stress [9] , however, we found no statistically significant change in the L* value under the eyes although there was a trend toward lower values. Blood flow stagnation contributes significantly to the development of dark circles beneath the eyes [36] , and this could account for the decreased skin blood flow that we found under the eyes. Our skin blood flow results could be related to other studies as well that showed increase in skin blood flow during sleep [37] . The mechanisms of increased blood flow during sleep is unclear, however, it is associated with barrier defense of the skin as well as energy metabolism [38] . It would be meaningful to study the relation between the impaired barrier defense and the decreased skin blood flow induced by sleep deprivation in the future.
Generally, people perceive their skin to be dry, rough, dull, as well as droopy eyelids and dark circles under the eyes after a sleepless night. In this study, the results proved that the skin features that are recognized as symptoms of sleep deficiency actually showed significant changes, and some of these changes were confirmed in the eye, lip, as well as the cheek areas. These findings underline that the affected facial regions are crucial in the social communication [9] [11].
The altered features include decreased skin hydration and this affected most of the other skin physiological properties we examined. Furthermore, we noted changes in the optical properties concerning the light reflected from the skin, such as altered skin translucency and coarse skin texture.
Further studies that compare the sex-based differences in skin biophysical properties after sleep deprivation would be worthwhile. A previous study regarding the visual features of sleep deprivation showed that only men were perceived as being paler and having more tense lips when sleep deprived, suggesting sex-based differences in the response to sleep deprivation [9] . One night of sleep deprivation might be quite stressful to the participants in this study, therefore, the skin biophysical changes observed could be influenced by the stress induced by the method as well [12] [39] . Further studies are needed to figure out the effects only sleep deprivation has on the skin biophysical properties by setting the control group under the other stressful situations or under the same experimental laboratory with habitual sleeping conditions.
Even though the skin biophysical changes induced by sleep deprivation in this study were mild, we hypothesize that chronic repetition of sleep loss could have more serious implications. Therefore, studies examining the correlation between prolonged sleep deprivation or chronic sleep deficiency and skin physiology remain to be explored.
In modern society, many people suffer from a lack of sleep and are highly interested in their appearance. We identified a scientific relationship between sleep and skin physiology, which might become a cornerstone of related study field.
Furthermore, solutions for reducing skin changes after sleep deprivation could be presented. Cosmetics to increase lip hydration or products for covering skin optical defects would be beneficial.
